Introduction
Harmful algal blooms (HABs) are serious phenomena that prevail in many coastline countries, where most of the global seafood production and mariculture are situated. Coastal embayments like lagoons, estuaries, and ports are often zones with high productivity that often receive various natural and anthropogenic sources. The sudden shift of environmental conditions in these zones may cause the shift in phytoplankton community assemblages and species compositions that subsequently affect the dynamics of HABs and promote blooms.
Among the many harmful microalgae species, the dinoflagellate Alexandrium tamiyavanichii is one of the paralytic shellfish toxins (PSTs) producing species that are associated with harmful algal blooms (HABs). Blooms of this species have caused tremendous impacts to the socio-economy of the affected countries (Lim et al., 2004; Oh et al., 2009; Lim et al., 2012) . The recent reports on the episodes of paralytic shellfish poisoning (PSP) between in Kuantan Port, Pahang, Malaysia (Mohammad-Noor et al., 2018 has raised the public health concern on the east coast of Peninsular Malaysia. The incidents involved ten people after consuming the rock oysters contaminated by PSTs. Subsequent to the incidents, a rapid response monitoring effort has been undertaken, and the causative organism has been identified as A. tamiyavanichii (Mohammad-Noor et al., 2018) .
The occurrence of this species in the waters of Malaysia was not a new record in the country, as the species was first discovered in Sebatu, Malacca in 1991 (Usup et al., 2002a,b) where three victims were poisoned after taking with consuming the PSTscontaminated mussels. In a field survey throughout the eastern Southeast China Sea, A. tamiyavanichii was detected by real-time quantitative PCR (qPCR) assay throughout the coasts of Malaysia Borneo, with a maximum cell density of 150 cells L −1 (Kon et al., 2015) . The species has also been reported from some tropical and subtropical coastal countries, such as Thailand (Fukuyo et al., 1989; Kodama et al., 1988; Fukuyo et al., 1988) , Philippines Bajarias et al., 2003) , Brazil (Menezes et al., 2010) and Japan (Nagai et al., 2003; Oh et al., 2009; Hashimoto et al., 2002) .
Alexandrium tamiyavanichii, like many other Alexandrium species, forms resting cysts that undergo a mandatory dormancy period in the life cycle. Often, Alexandrium cyst germination is affected by the endogenous biological clock and external environmental triggers (nutrient sources, water salinity, and temperature) (Anderson, 1998; Moore et al., 2015; Figueroa et al., 2005) . In view of the key factor of resting cysts in controlling bloom initiation and termination, dispersal and depopulation (Anderson et al., 1983) , it is crucial to investigate the distribution and abundance of the motile cells as well as the resting cysts of A. tamiyavanichii in the PSP hotspots. In the Southeast Asian region, Alexandrium cysts have been discovered in the offshore of east coast of Peninsular Malaysia (Lirdwitayaprasit, 1997) , Sabah and Sarawak, Malaysia Borneo (Lirdwitayaprasit, 1998; Furio et al., 2006) , Indonesia (Mizushima et al., 2007) and the Philippines (Reotita et al., 2008; Furio et al., 2012) . These studies, however, identified the cysts based on microscopic observations of the cysts morphological appearance, which is difficult for precise identification to species level.
The Kuantan Port, Pahang ( Fig. 1 ), facing the South China Sea, is a multi-cargo port located on the east coast of Peninsular Malaysia. The port has served as an important seaway to major ports in Asia-Pacific regions. In November 2013 and August 2014, two incidents of PSP have been consecutively reported in the Port (Mohammad-Noor et al., 2018) . While the potential transport of harmful microalgae by ship's ballast water has been well demonstrated (reviewed in Symada, 2007) , there is no regulatory mechanism so far to legalize and manage ballast water in Malaysian ports and its territorial waters. Likewise, lack of information and baseline data of the indigenous species in the waters has impeded the assessment and management of ballast water in the country. In this study, a field investigation was undertaken in the Port as an effort to continuously monitor the occurrence of HAB species following the PSP episodes in the year 2013-2014. The objectives of this study were:
(1) to examine the temporal dynamics of micro-phytoplankton with emphasis on the A. tamiyavanichii planktonic motile cells and its resting cysts; and (2) to investigate the phytoplankton community assemblages, in particular, the toxic harmful microalgae, in response to the environmental variability. To precisely detect and quantify the abundances of both A. tamiyavanichii cells and cysts, a molecular tool utilizing the hydrolysis probe-based realtime quantitative PCR (qPCR) assay (Kon et al., 2015) was applied in this study. The temporal variability of algal abundances was then associated with the physicochemical environmental variables.
Materials and methods

Study site and sampling procedure
Field sampling was conducted in Kuantan Port, Pahang between April 2015 and May 2016 ( Fig. 1 ). This was a sampling effort to investigate the occurrence of HAB species in the port following the PSP episodes in 2013-2014. Four sites, KP1-KP4, were sampled in the port (Fig. 1) , with a water depth of approximately 13 m. Monthly samplings were conducted between April 2015 and May 2016, during which bauxite mining activity in the port was persisted until January 2016. In an annual cycle, the east coast of Peninsular Malaysia experiences a monsoonal climate that influenced by the Southwest Monsoon in dry season (April to September) and the Northeast Monsoon in wet season (November to February). Salinity and temperature were measured in situ using a HI9829 multiparameter probe (Hanna Instruments, Italy). Water pH was determined using a LAQUAtwin pH33 pH meter (Horiba, Japan).
Plankton samples were collected by a 4-L Van-Dorn sampler (Wildco, USA) at subsurface depth of 1 m. The samples (500 mL, duplicates) were preserved in acidic Lugol's solution and concentrated for cell enumeration. Aliquot samples were preserved in saline ethanol for qPCR quantification (Leaw et al., 2001 (Leaw et al., , 2010 .
Live plankton samples were collected by hauling a 20 µm-mesh plankton net at subsurface depth (2-3 m). The samples were brought back to the laboratory for culture establishment.
Sediment samples were collected using a flow-through Ekman grab sampler (Matsuoka and Fukuyo, 2000) . Replicate samples were taken from the top 2 cm undisturbed sediment surface, pooled and placed into tightly-sealed containers (Matsuoka and Fukuyo, 2000; Matsuoka et al., 1988; Miyazono et al., 2012) . Samples were kept in the dark at 4 • C until further processing (Matsuoka et al., 1988) .
Water samples were collected using a Van Dorn sampler in 2-3 m depth. The samples were kept frozen for nutrient analyses. Concentrations of ammonium, phosphate, and silicate were measured spectrophotometrically using DR3900 Hach spectrophotometer (Hach Company, USA). Total nitrogen (TN) was measured using a TOC-L Analyzer (Shimadzu, Japan). The 0.2 µm-filtered seawater sample from each station was used as negative control and a calibration curve was prepared in a serial dilution of 5 mg L −1 potassium nitrate (KNO 3 ).
Alexandrium cultures and cross-mating experiment
Live samples were undergone single cell isolation by micropipetting technique (Hoshaw and Rosowski, 1973) . The culture established were maintained in ES-DK medium (Kokinos and Anderson, 1995) , pH 7.8, the salinity of 30, 25 ± 0.5 • C, and 12:12 h light: dark photoperiod. Cultures of Alexandrium species were identified by observing the thecal plate tabulation (Balech, 1995) . Cells were stained with Imamura-Fukuyo (IF) staining solution (Imamura and Fukuyo, 1987) after treated with a freshly prepared 10% hydrochloric acid solution.
For molecular characterization, exponential-phase cultures were harvested and genomic DNA was extracted by using a Mo-Bio PowerPlant DNA isolation kit (Mo-Bio, USA). Gene amplification was carried out using a peqSTAR thermocycler (peqSTAR 96× Universal Gradient, peqLab, Germany). The primer pair, D1R (5 ′ -ACCCGCTGAATTTAAGCATA-3 ′ ) and D3Ca (5 ′ -ACGAACGATTTGCAC GTCAG-3 ′ ) (Scholin et al., 1994) were used to amplify the large subunit (LSU) rDNA. The amplicons were further purified by QI-Aquick PCR purification kit (Qiagen, Hilden, Germany) and DNA sequencing was performed on both strands.
To investigate the mating capability of the A. tamiyavanichii population, a cross-mating experiment of A. tamiyavanichii was performed in a 24-well tissue culture plate. Clonal cultures in the exponential phase were used for cross-mating (in a pairwise combination); monoclonal cultures were self-crossed as controls. Samples were examined daily under an Olympus SZX10 stereomicroscope (Olympus, Tokyo, Japan).
Determination of phytoplankton abundances and biomass
The Lugol-preserved samples were used for phytoplankton cell enumeration. Samples were first identified under a Leica compound light microscope (DM3000 LED, Leica, Germany) at 200 and 400× magnifications. For cell enumeration, 1 mL sample (triplicates) was transferred into a Sedgewick-Rafter counting chamber and cells were counted under the same microscope at a 200× magnification.
Saline ethanol-preserved samples were undergone genomic DNA isolation using DNeasy R ⃝ Plant Mini Kit (Qiagen, Hilden, Germany). Real-time quantitative PCR (qPCR) assay was performed using the A. tamiyavanichii species-specific primer pairs and Taqman R ⃝ probe targeting the second internal transcribed spacer (ITS2) of the ribosomal RNA gene (rDNA), following the qPCR condition as described in Kon et al. (2015) . A synthetic gene fragment-based calibration curve was constructed with a 10-fold serial dilution to determine the total extractable gene copy number per cell in the samples. The assay was run with no template control (NTC) and the A. tamiyavanichii synthetic gene fragment was used as the positive control. For chlorophyll a (Chl a) determination, water samples were filtered onto glass-fiber filters (Whatman GF/F) and followed by acetone (90%) extraction for 18 h in the dark. Total Chl a concentration was measured spectrophotometrically based on Parsons et al. (1984) .
Determination of A. tamiyavanichii cyst abundance
Sediment samples (10 g) were suspended in filtered seawater and sonicated for 1 min (operated at 10% amplitude) using a QSonica Q55 sonicator ultrasonic processor (QSonica, LLC, USA). The sonified sediments were fractionated through Nitex screens (Endecotts Ltd, UK) (Matsuoka et al., 1988) and materials retained at 20 µm size were used. The processed samples were stained with acidic Lugol's solution, placed in a Sedgewick-Rafter counting chamber and counted under a Leica DM750 microscope (Leica, Germany) at a 200× magnification.
For molecular-based enumeration, DNAs of 1 mL of processed sediment samples were extracted by using the Mo-Bio PowerSoil Extraction Kit (Mo-Bio Laboratories, USA). The qPCR assay was performed as described above.
Data and statistical analyses
Data representation and statistical analyses were performed using the GraphPad Prism 5 (GraphPad Inc.). Mean values and standard deviations were calculated for all replicate values. One way-ANOVA was evaluated for the differences among sites. Canonical correspondence analysis (CCA) was carried out to examine the relationship of phytoplankton abundances to other abiotic parameters. Prior to CCA, phytoplankton cell abundance was transformed [log (x+1)] to minimize the influence of prevalent groups and increase the weight of rare groups.
Results
Phytoplankton assemblages
In this study, a total of six dinoflagellate genera, eight diatom genera, and one genus of raphidophyte (Chattonella) were recorded, with eleven species of potentially harmful dinoflagellates: Alexandrium spp., Prorocentrum micans, P. sigmoides, Dinophysis acuminata, D. caudata, D. miles, Tripos furca, T. fusus, Akashiwo sanguinea, Noctiluca scintillans and Chattonella sp. (Fig. 2) . Other common dinoflagellates and diatoms found in Kuantan Port were Protoperidinium spp., Coscinodiscus spp., Pleurosigma spp., Navicula spp., Eucampia spp., Ditylum spp., Odontella spp., Rhizosolenia spp. and Guinardia spp. (Fig. 2) .
Two species of Alexandrium, A. tamiyavanichii and A. leei, were encountered in the sampling sites throughout the study period. A total of 32 clonal cultures of A. tamiyavanichii and 43 cultures of A. leei were established. The two species possess typical Alexandrium morphological features; the species are chain-forming, the first apical plate (1 ′ ) is connected to the apical pore complex and the anterior attachment pore is present (Fig. 3) . Alexandrium tamiyavanichii is identified by its distinct features of the triangle precingular part (p.pr.) that is connected to the anterior sulcal plate (S.a.) (Fig. 3A) and a longer than wide posterior sulcal plate (S.p.) (Fig. 3B ). For A. leei, the location of the ventral pore (v.p.) in 1 ′ (Fig. 3C ) and the wider than long S.p. (Fig. 3D ) are among the morphological characters used to distinguish the species from other closely related species.
For molecular detection, Blastn search of the four LSU rDNA nucleotide sequences of A. tamiyavanichii obtained in this study revealed 99-100% identity to the Japanese A. tamiyavanichii strains (Accession: AB607261, AB088263, AB088267, and AB088266) and 98-99% to those of the Brazilian strains (FJ652046, FJ657534, FJ62045). For the ten sequences of A. leei obtained, the sequences demonstrated 100% identity to sequence of A. leei from Malaysia (AY566183), and 97-99% to KR188516 [99%; Malaysia], AY959942 [99%; Singapore], AY438019 [97%; Korea], KF034861 [97%; China].
Cross-mating experiment of A. tamiyavanichii showed low reproduction compatibility and cyst reproduction. The results showed that some crosses (e.g. [AcKP02 × AcKP09] and [AcKP02 × AcKP16]) produced less than three cysts in a 2-weeks incubation period. Cysts of A. tamiyavanichii produced in the laboratory appear elongated and oval ( Fig. 3E-G) .
Phytoplankton spatial and temporal abundances
The phytoplankton assemblage in Kuantan Port has been documented with a range of total Chl a biomass between 0.7 and 1.7 µg L −1 (Fig. 4A) . Generally, the dinoflagellate assemblages were present in the abundances of ∼10 2 -10 4 cells L −1 (Fig. 4B ), diatom abundances were in the range of 10 3 -10 5 cells L −1 (Fig. 4C) . Zooplankton abundances ranged from 60 to 1400 individuals L −1 (Fig. 4D ).
From the time of the initial detection of A. tamiyavanichii since September 2014 (up to 840 cells L −1 ; Mohammad-Noor et al., 2018), Alexandrium species were present throughout the study period. The densities, however, varied by time (higher in the dry season), ranging from <10 cells L −1 to ∼10 4 cells L −1 (Fig. 5A) .
However, the abundance of A. tamiyavanichii determined by the qPCR assay revealed no cells in most sampling time, except from June to August 2015 (Fig. 5B) . In August 2015, Alexandrium abundances reached a maximum of ∼10 2 cells L −1 in KP1. However, by qPCR quantification, the maximum cell density of A. tamiyavanichii was noted only with a density of 17 cells m −3 . In March 2016, A. tamiyavanichii cells were detected with a density of ∼5 cells m −3 .
The composition, however, comprised of only <0.1% of the total Alexandrium abundance.
The extremely low abundances of A. tamiyavanichii cysts were detected by qPCR (Fig. 5C) ; only 1 cyst g −1 from KP2 and KP4 in August 2015, and 3 cysts g −1 from KP1 in May 2016. No cyst was found by microscopic enumeration.
Environmental variability
Salinity varied by time but no significant changes among sites (non-parametric Kruskal-Wallis test), ranging from 32 and 35 in the dry season, and decreased gradually in the wet season, with the lowest salinity of 28.1 recorded in January 2016 (Fig. 6A ). The water temperatures ranged from 26.6 to 31.9 • C in the studied period, with the lowest temperature recorded in October 2015 (wet season), and the highest values were in May (dry seasons). The range of pH was 7.28-8.87.
Levels of ammonium-nitrogen (NH 4 -N) were reasonably high throughout the studied period (>5 µM), reaching maxima of ∼16 µM in the inner port, KP4 (September 2015 and April 2016). The levels of NH 4 -N declined in the wet season, with a minimum of 4 µM (KP3). The values increased from February to April 2016 but drastically declined in May 2016 (Fig. 6B ). Values for nitrate and nitrite were mostly below the detection limit thus no record was presented in this study. Concentrations of total nitrogen (TN) were mostly constant (<25 µM), except in May 2016 where the concentration reached 66-140 µM. High concentration of TN was likely contributed by other organic or inorganic N-compounds but not ammonium because the level of NH 4 -N was low, < 10 µM (Fig. 6C ). Phosphatephosphorus (PO 4 -P) levels were relatively low in dry monsoon (∼2 µM) as compared to wet monsoon (>4 µM), with a minimum in August 2015 (Fig. 6D ). silicate-silica (SiO 2 -Si) concentrations were constant throughout the study period, ranging between 1 and 2.3 µM (Fig. 6E) .
The relationship between phytoplankton composition and environmental variables
CCA plot revealed the relationships between phytoplankton abundances and the environmental parameters ( Fig. 7 ; p = 0.001, permutation = 1000; first component (Axis 1), eigenvalue = 0.016, 57%, p = 0.001; second component (Axis 2), eigenvalue = 0.005, 17%, p = 0.153). In the triplot, cell densities of Alexandrium and
Prorocentrum were strongly associated with increased of salinity and N:P ratio; whereas Dinophysis abundance was associated with increased TN. Diatom and zooplankton abundances were associated with high phosphate and ammonium concentrations.
Discussion
The occurrence of Alexandrium and other harmful microalgae in Kuantan Port
Subsequent to the two PSP incidences in Kuantan Port, Pahang in 2013 and 2014, and the initial detection of toxic A. tamiyavanichii and saxitoxins (STXs) in the shellfish (Mohammad-Noor et al., 2018) , this study was carried out in this PSP hotspot as an extended effort to examine the spatial and temporal abundances of A. tamiyavanichii planktonic motile cells as well as its cysts. Throughout the studied period, A. tamiyavanichii was rarely observed (<17 cells m −3 ), appeared mainly during the dry season (Fig. 4) . The species appeared to be less abundant as compared to the previous observations during the 2014 PSP-incident (840 cell L −1 in September 2014; see Mohammad-Noor et al., 2018) . The abundance was also much lower as compared to the abundances of A. tamiyavanichii detected by qPCR assay throughout the west coast of Malaysia Borneo (Kon et al., 2015) . Although the bloom of this species was not observed during the studied period, the occurrence of this toxic species in the port poses a potential threat and risk of episodic events, as the density as low as 20-40 cells L −1 is sufficient to pose a trigger warning (Food Standard Agency, UK; Sea Fisheries Protection Authority).
The species A. tamiyavanichii was found to co-exist with other Alexandrium species, A. leei, which, based on the CCA, was associated with increased salinity and NP ratios, but negatively correlated with the levels of PO 4 -P and NH 4 -N ( Fig. 7) . Growth physiology of A. tamiyavanichii has been studied in laboratory settings (Ogata et al., 1990; Lim and Ogata, 2005; Lim et al., 2006) . These studies have shown that the optimum salinity for growth was 25 (20-30; Lim and Ogata, 2005) . The species is known as a stenohaline species, where it only tolerate a narrow range of salinity, the species could not withstand low salinity regime (<15, Lim and Ogata, 2005) . Blooms of another PSTs-producing species Pyrodinium bahamense in Sabah, Malaysia Borneo have also been reported to associate with elevated salinity (Anton et al., 2000) .
In this study it was observed that other harmful microalgae were found to co-occur in the port; the HAB species are: diarrhetic shellfish poisoning (DSP)-toxins producers, Prorocentrum micans (Van Egmond et al., 1993) , Dinophysis acuminata, D. caudata, D. miles (Ignatiades and Gotsis-Skretas, 2010; Munir et al., 2010; Hattenrath-Lehmann et al., 2013) , and HAB species that caused fish kills, P. sigmoides (Lu and Hodgkiss, 2004) , Tripos furca, T. fusus (Munir et al., 2010) , Akashiwo sanguinea (Badylak et al., 2014) , Noctiluca scintillans (Lu and Hodgkiss, 2004; Xu et al., 2017) , and Chattonella spp. (Imai and Yamaguchi, 2012) . These results provide baseline information of HAB species for future management of the port in view of the International Convention for the Control and Management of Ship's Ballast Water and Sediments (BMW Convention; IMO, 2004) .
The cyst is unlikely the triggering factor of bloom
Most of the toxic bloom-forming Alexandrium species are known to produce resting cysts (Matsuoka and Fukuyo, 2000) . Resting cyst plays a crucial role in bloom initiation, termination, dispersion, and depopulation (Kremp and Anderson, 2000) . Among the phytoplankton that were found in this study, A. tamiyavanichii (Nagai et al., 2003) , Protoperidinium (Lewis et al., 1984; Matsuoka and Fukuyo, 2000) , Akashiwo sanguinea (Tang and Gobler, 2015) , and Chattonella sp. (Imai and Yamaguchi, 2012) have been reported to produce resting cysts in their life cycles. In this study, the cross-mating experiment carried out from the A. tamiyavanichii strains isolated from Kuantan Port revealed that the populations have the ability to form cysts but encystment was rare. This may explain the extremely low density of cysts found in the sediment samples in the present study (1-3 cysts g −1 ). Nevertheless, the possibility of recurrence of A. tamiyavanichii in future due to resting cyst germination could not be ruled out. It would be crucial to investigate the reproduction compatibility of A. tamiyavanichii and the factors that control cyst formation.
Bauxite as a potential benignant agent of harmful algal bloom
Since April 2014, high demand of bauxite and increasing bauxite mining activities (such as exporting and stockpiling) in Kuantan Port had led to serious environmental issues (Abdullah et al., 2016) and community outrage. During the studied period, bauxite mining activities have been intensified in the port. The area was seriously polluted by bauxite, seawater turned brownish red and the sediment in the Port was covered with thick layer of bauxite ( Supplementary Fig. S1 ).
It is interesting to note that during our studied period relatively low levels of phytoplankton biomass and abundance were observed, in which one order of magnitude lower as compared to that observed along Kuantan coast (Mohammad-Noor et al., 2013) . It was likely to be affected by the bauxite tailings that flowed out into the water column. In Batata Lake, Brazil, bauxite residues have proven to cause the decline of phytoplankton cell density by 60% (Roland and de Assis Esteves, 1998; Maia-Barbosa and Bozelli, 2006) . Dale (2014) also suggested sandstorms as a possible factor diluting the concentrations of motile cells and cysts in the Arabian Gulf. It is not surprising as clay dispersal or flocculation has been known as an effective mitigation treatment on HAB, and has been frequently applied in Japan, South Korea, and China to mitigate blooms of certain HAB species (Seo et al., 2008; Louzao et al., 2015) . Clay particles act as an agent of flocculation by aggregating algal cells and sank to the bottom seafloor (Sengco and Anderson, 2004; Seo et al., 2008; Louzao et al., 2015) , removing high biomass of algae from the water column. The oil slick was also observed in the Port surface water ( Supplementary Fig. S1 ). Oil could cause the formation of dirty blizzards or oil-associated marine snows (Brooks et al., 2015; Passow, 2016) . The oil particulate matter aggregated with phytoplankton cells through physical coagulation and the flocculent materials rapidly sank on the seafloor (Joye et al., 2014; Passow, 2016) . Decreased in phytoplankton densities during bauxite spill could also be explained by the high turbidity that caused photosynthetic limitation (Roland and de Assis Esteves, 1998; Guenther and Bozelli, 2004) . Our observation during the studied period also showed that the Secchi depth in the port during the period of bauxite spill was 1-2 m deep, but when the water was clear the depth of ∼5 m was observed.
In January 2016, due to the concerns on bauxite pollution, the State Government has restricted bauxite-related activities and a moratorium on bauxite mining has been implemented (Radhi, 2016) . Concomitantly, the biomass of phytoplankton in the port increased (Fig. 4A ). This implied the possibility that bauxite tailings have served, unintentionally, as a potential deterrent agent of harmful algal bloom in the port. This study suggested the possibility of the influences of physicochemical variability and pollutions on the phytoplankton assemblages in Kuantan Port, where bauxite-related activities and oil spill in Kuantan Port may somehow associate with the decline of phytoplankton biomass and abundances.
In line with the International BMW Convention under the International Maritime Organization (IMO), this consecutive annual inventory of harmful algae may offer a baseline for future monitoring design in the port to prevent possible expansion of harmful microalgae. It is also anticipated that blooms of A. tamiyavanichii would recur given favorable environmental conditions. It is therefore important to have a continuous and long-term monitoring in the port and its adjacent areas to safeguard the public health, particularly when the BMW Convention has taken effect.
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